Endotoxin or bacterial lipopolysaccharide (LPS) causes various inflammatory symptoms and pathophysiological disorders, including fever, disseminated intravascular coagulation, multiple organ failure, and septic shock (30, 33). The septic shock induced by bacteremia caused by gram-negative bacteria is thought to be due to the massive release of endotoxin from infecting organisms by spontaneous release or bacterial lysis. Sometimes, patients treated with effective antibiotics may succumb to shock due to the endotoxin released from the killed bacteria (10, 36). LPS released from antibiotic-treated bacteria induces various proinflammatory activities that contribute to septic shock syndrome (4, 20) .
Endotoxin or bacterial lipopolysaccharide (LPS) causes various inflammatory symptoms and pathophysiological disorders, including fever, disseminated intravascular coagulation, multiple organ failure, and septic shock (30, 33) . The septic shock induced by bacteremia caused by gram-negative bacteria is thought to be due to the massive release of endotoxin from infecting organisms by spontaneous release or bacterial lysis. Sometimes, patients treated with effective antibiotics may succumb to shock due to the endotoxin released from the killed bacteria (10, 36) . LPS released from antibiotic-treated bacteria induces various proinflammatory activities that contribute to septic shock syndrome (4, 20) .
Endotoxin or LPS is a component of the outer membrane of gram-negative bacteria, and cell wall-active antibiotics (such as ␤-lactams) are considered to be most responsible for the liberation of excess amounts of endotoxin. The amounts of endotoxin released from bacteria by antibiotics can vary depending on the bacterial strains, the types and efficacies of the antibiotics, the concentrations of the antibiotics, the length of time that the bacteria are exposed to the antibiotic (9, 14) , and the presence of antibody and/or other serum constituents that can interact with endotoxin (18) . Among the ␤-lactam antibiotics, the capabilities for releasing endotoxin vary greatly depending on the antibiotics used, and the difference can partly be explained by the binding affinities of the antibiotics to the different kinds of penicillin-binding proteins (PBPs). The binding to PBP inhibits the synthesis of the cell walls of bacteria and induces bacterial lysis. In Escherichia coli and Pseudomonas aeruginosa, inhibition of PBP 1 is associated with rapid killing and lysis, whereas inhibition of PBP 2 produces spherical cells that do not grow and inhibition of PBP 3 produces long filamentous cells (9, 14, 31, 42) .
Endotoxin has many different pathophysiological activities both in vivo and in vitro (29) . Its active component is LPS, a complex macromolecule that contains lipid A covalently linked to polysaccharide. Endotoxin or LPS is chemically extractable, and the hot phenol-water procedure (45) is an excellent means of extracting LPS containing extensive O-antigen repeating subunits (i.e., smooth strains). Most information on the bioactivity of endotoxin has been accumulated from experiments with purified LPS. However, only a few reports have dealt with comparative biological characterizations of the endotoxin released from organisms as a result of antibiotic treatment (antibiotic-released endotoxin) and chemically extracted LPS. In the present study, we therefore compared the biological activities of ␤-lactam antibiotic-released endotoxin with those of phenol-extracted LPS.
MATERIALS AND METHODS
Bacterial strains. P. aeruginosa PAO1 and E. coli O55 were used throughout the experiments. The organisms were grown in heat-inactivated human serum obtained from healthy volunteers or in defined M9 medium (2) at 37°C for the appropriate lengths of time. The viable numbers of organisms were determined by quantitative cultivation on nutrient agar plates. The killed bacteria were prepared by exposing the bacteria to 0.05% glutaraldehyde in phosphate-buffered saline (PBS) at room temperature for 5 min. The organisms were washed four times with PBS containing 100 mM glycine and were resuspended in PBS.
Mice. C3H/HeN and C3H/HeJ mice were bred and maintained under standard conditions in the Animal Facility of the Jichi Medical School. Female mice (age, 9 to 11 weeks) were used. Age-matched mice were used in individual experiments.
Infection. The organisms were grown in M9 medium for 18 h and were then resuspended in saline. The number of bacteria in the suspension was adjusted optically. The bacterial suspension (0.2 ml/mouse) was injected intraperitoneally (i.p.) into the mice.
Antibiotics. Ceftazidime (CAZ) was obtained from Glaxo Japan Co., Tokyo, Japan; ofloxacin (OFLX) and levoflaxacin (LVFX) were from Dai-ichi Pharmaceutical Co., Tokyo, Japan. Imipenem (IPM) was provided by Merck & Co., Rahway, N.J. Polymyxin B was purchased from Sigma Chemical Co., St. Louis, Mo. The antibiotics were dissolved in accordance with the manufacturers' recommendations. Aliquots of the antibiotic solutions were stored at Ϫ80°C and were thawed immediately before use. During the study period, the antibiotics did not lose antimicrobial activity, as measured by the MICs for E. coli and P. aeruginosa.
Antibiotic-released endotoxin and phenol-extracted LPS. The organisms were cultured in the presence or absence of antibiotic in heat-inactivated human serum or in M9 medium at 37°C for the indicated times. At the end of incubation, the culture supernatants were filtered through a membrane filter (Sterifil D-GV; pore size, 0.22 m; Millipore Corp., Bedford, Mass.), and the filtrates were used as a source of endotoxin. Phenol-extracted E. coli O111:B4 LPS and P. aeruginosa (Fisher-Devlin immunotype 1; ATCC 27312) LPS were obtained from List Biological Laboratories, Inc., Campbell, Calif. Ra-chemotype LPS (Ra-LPS) was extracted with phenol-chloroform petroleum ether from Salmonella minnesota R60 and was obtained from List.
Estimation of endotoxic activity of antibiotic-released endotoxin. The endotoxin obtained from bacteria grown in serum, but not from bacteria grown in M9 medium, was treated with an alkaline solution (41) to prevent the inhibition of the coagulation reaction of Limulus amoebocyte lysate (LAL). The endotoxic activities were estimated by a chromogenic endotoxin-specific assay with LAL coagulation enzyme (ES test; Seikagaku Corp., Tokyo, Japan), and endotoxin levels were calculated for comparison with the reference endotoxin levels. Linear regression analyses (32) were performed on the LAL coagulation data derived from dilutions of CAZ-and IPM-released endotoxin and compared with the data derived from phenol-water-extracted LPS. The endotoxin level in the M9 medium was 4.4 Ϯ 0.4 pg/ml (0.013 Ϯ 0.01 endotoxin units [EU]/ml).
Determination of endotoxin protein content. The protein content of the endotoxins was determined by the DC Protein Assay (Bio-Rad Laboratories, Hercules, Calif.).
Lethality studies. Mice were injected i.p. with 0.2 ml of the endotoxin or diluted phenol-water-extracted LPS and 0.5 ml of D-(ϩ)-galactosamine (GalN) solution (18 mg/mouse). In other experiments, mice were injected i.p. with 0.2 ml of saline or antibiotics followed immediately by i.p. inoculation with 0.2 ml of the P. aeruginosa suspension. Mortality was scored at 48 h after the challenge, and the 50% lethal dose (LD 50 ) was calculated.
Cell preparation. Mouse peritoneal exudate cells were isolated by peritoneal lavage at 4 days after i.p. injection of 1.5 ml of sterile 3% Brewer thioglycolate medium (Difco Laboratories, Detroit, Mich.). The cells were washed with RPMI 1640 (Flow Laboratories, Irvine, Scotland), resuspended in RPMI 1640 containing 2% heat-inactivated fetal bovine serum (FBS; Summit Biotechnology Inc., Ft. Collins, Colo.), 4 mM L-glutamine, 100 U of penicillin per ml, and 100 g of streptomycin per ml, and plated at 2 ϫ 10 5 cells per well in 96-well plates. After 2 h of incubation at 37°C in 5% CO 2 -air, the cells were washed three times with serum-free RPMI 1640 to remove nonadherent cells. The adherent cells were used as macrophages.
Mouse macrophage-like J774.1 cells were kindly provided by T. Suzuki, University of Kansas Medical Center. An LPS-resistant and CD14-negative mutant cell line, the J7.DEF.3 cell line, was derived from J774.1 cells as described in a previous paper (16) . These cells were grown in RPMI 1640 containing 8% FBS, 4 mM L-glutamine, 100 U of penicillin per ml, and 100 g of streptomycin per ml at 37°C in 5% CO 2 -air. The cells were collected, washed once with culture medium, and plated in 96-well culture plates at 2 ϫ 10 5 cells per well in 200 l of RPMI 1640 containing 2% FBS.
Cell cultures and the culture supernatant. The cells were cultured in the presence or absence of endotoxin or LPS in individual experiments for the times indicated in the figure legends. If necessary, the culture supernatants were collected at the end of incubation and were stored at Ϫ80°C until tumor necrosis factor (TNF), interleukin 6 (IL-6), and NO levels were determined.
TNF assay. TNF-sensitive L929 cells were donated by M. J. Parmely of the University of Kansas Medical Center. TNF activity was determined by a functional cytotoxic assay with a TNF-sensitive cell line, L929, as described previously (16) .
IL-6 assay. IL-6-dependent hybridoma B13.29 cells were donated by W. P. Zeiljemaker of the University of Amsterdam. The cells were maintained in 8% FBS-RPMI 1640 supplemented with 50 M mercaptoethanol and 20 U of IL-6 (Boehringer Mannheim GmbH, Mannheim, Germany) per ml. IL-6 activity was determined with B13.29 cells as described previously (19) .
NO assay. NO formation was measured as the stable end product nitrite (NO 2 Ϫ ) in culture supernatants with the Griess reagent (12) as described previously (16) .
Immunoblot analysis of phosphotyrosine and MAP kinases. Macrophages at a density of 7 ϫ 10 5 cells/60-mm plate were incubated for 15 min in 2% FBS-RPMI 1640 containing various stimulants. After stimulation, the cells were washed three times with PBS containing 1 mM Na 3 VO 4 Statistical analysis. Statistical significance was determined by Student's t test for TNF, IL-6, and NO levels and the 2 test for mortality.
RESULTS
Antibiotic-induced release of endotoxin from organisms cultured in human serum or M9 medium. The MICs for P. aeruginosa PAO1 were 1 g/ml for CAZ in M9 medium and in human serum, 0.5 g/ml for IPM in M9 medium, 2 g/ml for IPM in serum, 2.5 g/ml for OFLX in serum, and 1 g/ml for LVFX in serum. P. aeruginosa organisms were inoculated into serum (10 5 organisms/ml) and were cultured in the presence of 2ϫ the MIC of CAZ, OFLX, LVFX, or IPM at 37°C for 8 h. At the end of the incubation the endotoxin levels in the culture supernatants were determined. The supernatants of the bacterial cultures treated in the presence of CAZ, OFLX, and LVFX contained approximately 300 ng of endotoxin per ml, while those treated in the presence of IPM contained less than 50 ng/ml.
In E. coli and P. aeruginosa CAZ binds preferentially to PBP 3, while IPM binds with the highest affinity to PBP 2 (7, 33) . The growth kinetics for P. aeruginosa and E. coli organisms in chemically defined M9 medium and endotoxin release in the presence or absence of CAZ or IPM are presented in Fig. 1 . The numbers of CFU of the organisms cultured with 2ϫ the MIC of CAZ or IPM decreased quickly and did not increase thereafter. However, the numbers of CFU of the organisms exposed to 0.5ϫ the MICs of these antibiotics decreased initially but thereafter increased gradually (Fig. 1B and D) . Bacterial growth in antibiotic-free M9 medium was accompanied by the spontaneous release of endotoxin from these organisms. Large amounts of endotoxin were released from the cultures with 0.5ϫ and 2ϫ the MIC of CAZ and 0.5ϫ the MIC of IPM as well as from the control cultures, while small amounts of endotoxin were liberated from cultures with 2ϫ the MIC of IPM (Fig. 1A and C) . Microscopic observation indicated that the organisms cultured with 2ϫ the MICs CAZ and IPM in M9 medium appeared as long filamentous structures and round structures, respectively (data not shown). These findings coincide with those of other investigators (7, 14) , who showed that IPM kills these organisms but with lower levels endotoxin being released than the amount released after killing by CAZ.
When these organisms were suspended in PBS (instead of M9 medium) in the presence or absence of 2ϫ the MIC of CAZ and incubated for 8 to 25 h, the organisms could not proliferate, regardless of the presence or absence of CAZ ( Fig.  2B and D) , and the culture supernatants contained only traces of endotoxin ( Fig. 2A and C) . These findings indicate that endotoxin release does not occur when nutrients are not available for the bacteria.
Protein content of CAZ-released endotoxin. CAZ-released endotoxin contained not only LPS but also large amounts of protein. The protein contents in the supernatants of P. aeruginosa and E. coli cultures exposed to 2ϫ the MIC of CAZ for 8 h in M9 medium were 11.8 and 15.3 mg per mg of LPS, respectively. The endotoxin spontaneously released from organisms cultured for 8 h in antibiotic-free M9 medium also contained a large amount of protein (7.7 mg per mg of LPS). The protein detected in the samples described above was therefore more likely derived from the organisms since synthetic M9 medium was used for culturing of the bacteria. On the other hand, phenol-water-extracted LPS preparations from P. aeruginosa and E. coli contained less than 5 and 195 g of protein per mg of LPS, respectively.
Chromogenic LAL coagulation activities of various LPS preparations. To examine whether the activities of CAZ-and IPM-released endotoxins were similar to those of phenol-extracted LPS, the activities of serially diluted samples were assessed by the ES test (an LPS-specific chromogenic LAL test [32] ) and their regression lines were compared on a bilogarithmic scale (Fig. 3) . Data obtained from the ES test exhibited good linearity relating endotoxin concentration and absorbance, with parallel lines obtained for concentration and absorbance. These findings suggest that these endotoxins (including spontaneously released endotoxin) have endotoxic activity or physiochemical properties that suggest that they have activities similar to those of phenol-extracted LPS (with regard to LAL activity). In other words, other endotoxin-like activities, such as protein-binding lipid A (26, 27) , appear to be negligible in these endotoxin preparations.
Lethal toxicity of CAZ-released endotoxin in mice. It is wellknown that GalN-sensitized mice are markedly susceptible to the lethal effects of LPS (12) . The relative lethalities of antibiotic-released endotoxin for LPS-responsive C3H/HeN mice and LPS-hyporesponsive C3H/HeJ mice treated with GalN were compared. GalN (18 mg/mouse administered i.p.)-treated mice were challenged i.p. with purified P. aeruginosa LPS or antibiotic-released endotoxin from P. aeruginosa cultured in synthetic M9 medium in the presence of 2ϫ the MIC of CAZ for 8 or in the presence of 2ϫ the MIC of CAZ for 24 h in M9 medium. The results are presented in Table 1 . The LD 50 s of CAZ-released endotoxin from an 8-h culture for C3H/HeN and C3H/HeJ mice were 10 and Ͼ1,000 ng, respectively, while the LD 50 s of CAZ-released endotoxin from a 24-h culture were 65 and Ͼ1,000 ng, respectively. The LD 50 s of purified LPS for C3H/HeN and C3H/HeJ mice were 32 ng and Ͼ10,000 ng, respectively. These findings suggest that the lethal toxicity of CAZ-released endotoxin is similar to that of LPS in the LPS-sensitive strain of mice. These data also suggest that the CAZ-released endotoxin preparation contains little bioactive lipid A-associated protein, since it does not show any lethal effect in C3H/HeJ mice which are sensitive to protein-binding lipid A (26, 27) , while they are more resistant to LPS.
Production of TNF, IL-6, and NO by macrophages stimulated with CAZ-released endotoxin. Abundant current evidence supports the existence of host-derived proinflammatory effector molecules produced by LPS-activated macrophages and other host cells. These molecules are responsible for the detectable systemic inflammatory responses observed after the TNF, IL-6, and NO are thought to be the three molecules most responsible for the pathophysiological manifestations of septic shock. We therefore examined the in vitro production of TNF, IL-6, and NO by peritoneal macrophages of LPS-responsive C3H/HeN or LPS-hyporesponsive C3H/HeJ mice in response to exposure to CAZ-released P. aeruginosa endotoxin (Fig. 4  and 5 ). C3H/HeN mouse macrophages cultured in the presence of serum produced TNF, IL-6, and NO when they were stimulated with low doses of CAZ-released endotoxin as well as LPS (Fig. 4) . In the absence of serum, however, a relatively large dose of endotoxin was required to induce the production of similar cytokine levels. These findings suggest that both CAZ-released endotoxin and LPS activate C3H/HeN mouse macrophages and that this activation depends predominantly on serum components, such as LPS-binding protein (LBP) (38) and septin (46) . On the other hand, neither CAZ-released P. aeruginosa endotoxin (data not shown), CAZ-released E. coli endotoxin (data not shown) nor LPS (Fig. 5) induced the effective production of TNF and NO by LPS-hyporesponsive C3H/HeJ mouse macrophages. These findings also suggest that the endotoxic activity of the protein-lipid A complex in CAZ-released endotoxin is negligible. Polymyxin B neutralizes the activity of LPS by binding to the lipid A moiety of LPS (15, 27) . The ability of CAZ-released endotoxin to induce TNF production by C3H/HeN mouse macrophages was blocked by polymyxin B in a dose-dependent fashion (Table 2 ). These findings therefore suggest that lipid A is the active molecule released by CAZ.
Activation of protein kinases in macrophages by CAZ-released endotoxin. Protein phosphorylation was found to be the initial step of macrophage activation by LPS (3, 39, 43) . By immunoblot analysis the activation of phosphotyrosine kinases was detected in C3H/HeN mouse macrophages but not in C3H/HeJ mouse macrophages. When C3H/HeN mouse macrophages were stimulated with CAZ-released Pseudomonas endotoxin as well as Pseudomonas or Salmonella LPS, proteins of approximately 42 kDa were phosphorylated (Fig. 6A) . The phosphorylation, however, was not obvious when the macrophages were stimulated with killed P. aeruginosa organisms. LPS stimulates the tyrosine phosphorylation of the MAP kinases p44, p42, and p41 (1). The activation of MAP kinases 1 and 2 in response to CAZ-released endotoxin was detected in C3H/HeN mouse macrophages but not C3H/HeJ mouse macrophages (Fig. 6B) . CD14 dependency on macrophage activation by CAZ-released endotoxin. The response to LPS confirmed the important role of the cell surface form of CD14 (mCD14) (47) . However, a pathway of LPS-induced cell activation that does not require CD14 has been suggested (16) . The CD14 dependency of CAZ-released P. aeruginosa endotoxin was examined with a CD14-positive murine macrophage-like cell line (J774.1 cells) and its LPS-resistant mutant (J7.DEF3 cells) (18, 19) . J7.DEF3 cells do not express CD14 antigen (unpublished observation). Parental J774.1 cells in the presence of FBS produced TNF in response to low doses of both CAZ-released endotoxin and LPS, while the mutant J7.DEF3 cells produced TNF only when stimulated with a higher dose of the endotoxin or LPS (Fig. 7) . Under serum-free conditions, both parental and mutant strains manifested only minimal responses to even very high doses of the CAZ-released endotoxin or LPS. These findings indicate that both CAZ-released endotoxin and LPS are mainly recognized by the receptors on macrophages after they are complexed with a serum factor(s), presumably LBP or CD14 antigen.
Lethal toxicity of in vivo antibiotic-released endotoxin. CAZ, but not IPM, induced the release of relatively large amounts of endotoxin from organisms in vitro (Fig. 1) . Table 1 illustrates the relative lethalities of CAZ-released endotoxin and purified LPS and shows that maximum release of endotoxin has occurred within 24 h of CAZ treatment in C3H/HeN mice. If CAZ treatment induces the in vivo release of massive amounts of endotoxin from the infecting organisms, the treatment may have some harmful effects on the host. C3H/HeN and C3H/HeJ mice were inoculated with P. aeruginosa organisms (3 ϫ 10 6 and 6 ϫ 10 6 CFU/mouse i.p., respectively), treated with CAZ (20 mg/kg) or IPM (20 mg/kg), and then sensitized with GalN. As indicated in Table 3 , approximately one-half of the mice in the control groups that had been infected but that had not received antibiotic treatment died within 48 h. All C3H/HeN mice treated with CAZ died within 48 h, while those mice treated with IPM survived. On the other 14) were stimulated for 15 min with the following stimulants: RPMI 1640 (lanes 1 and 8), M9 medium (lanes 2 and 9), endotoxin from P. aeruginosa exposed to 2ϫ the MIC of CAZ for 8 h (290 ng/ml; lanes 3 and 10), endotoxin from E. coli exposed to 2ϫ the MIC of CAZ for 8 h (390 ng/ml; lanes 4 and 11), P. aeruginosa LPS (270 ng/ml; lanes 5 and 12), glutaraldehyde-killed P. aeruginosa (5 ϫ 10 5 /ml; lanes 6 and 13), and phenolchloroform-petroleum ether-extracted Ra-LPS (1 g/ml) plus mouse recombinant gamma interferon (20 U; Shionogi Pharmaceutical Co., Osaka, Japan) (lanes 7 and 14) . Macrophage expression of protein tyrosine phosphorylation and tyrosine phosphorylation of MAP kinases 1 and 2 was detected by Western blot analysis with MAb PY-20 (A) and MAb Z033 (B), respectively. p-MAP1 and pMAP2, tyrosine-phosphorylated MAP kinases 1 and 2, respectively. a LPS (10 ng/ml) or endotoxin (endotoxin from bacteria exposed to 2ϫ the MIC of CAZ for 8 h; 10 ng/ml) solutions were incubated with various doses of polymyxin B. The solutions were added to C3H/HeN mouse macrophage cultures 30 min later. The macrophages were incubated for 4 h, and the TNF activity in the culture supernatants was determined by a cytotoxicity assay. The data represent the results of one of two experiments with similar results. hand, 44% of the LPS-hyporesponsive C3H/HeJ mice survived after treatment with CAZ. No C3H/HeJ mice treated with IPM died. These results suggest that the endotoxin released by antibiotics may play a role in the death of the hosts.
DISCUSSION
Recently, many studies have pointed out that the sudden release of endotoxin from gram-negative bacteria killed by antibiotics may have harmful effects on the hosts (for a review, see reference 7). However, the amounts of antibiotic-liberated endotoxin seem to depend at least partly on the PBP binding affinity of these cell wall-active antibiotics: IPM (which binds most strongly to PBP 2 of the organisms) is known to induce the release of less endotoxin than the amount induced by other ␤-lactam antibiotics, which bind mainly to PBP 3 (7, 14) . The amount of endotoxin released by P. aeruginosa organisms cultured in human serum in the presence of IPM, which strongly binds to PBP 2, was comparatively less than that released in the presence of other antibiotics (such as CAZ, OFLX, and LVFX). The spontaneous release of endotoxin without antibiotic treatment was also observed when P. aeruginosa or E. coli organisms were incubated in chemically defined M9 medium (Fig. 1) . Endotoxin release from bacteria must be required for energy consumption, since no spontaneous release was observed when the organisms were suspended in carbon sourceand nitrogen source-free PBS, even if CAZ was present (Fig.  2) in the PBS. The antibacterial effects of IMP seemed to be similar to those of CAZ (Fig. 1B and D) . However, typical differences in the amount of endotoxin release induced by CAZ and IPM were seen when the organisms were cultured in the presence of growth-inhibiting drug doses (2ϫ the MIC) in M9 medium (Fig. 1A and C) . CAZ-treated organisms may continue to synthesize the cell wall and LPS incompletely, resulting in death; on the other hand, IPM-treated organisms may cease these syntheses quickly, resulting in the release of less endotoxin (7) .
Endotoxin-associated protein is intimately associated with LPS (11, 26, 27) and has potent and unique biological activities. For example, endotoxin-associated protein is a powerful mitogen for C3H/HeJ mouse cells and human lymphocytes, which are hyporesponsive to LPS (24, 40) . The antibioticreleased endotoxin prepared from chemically defined M9 medium contained a large amount of protein. However, the protein in CAZ-released endotoxin lacked the activity of the endotoxin protein, since the CAZ-endotoxin preparation had no toxic effect on GalN-sensitized C3H/HeJ mice, had no mitogenic effect on the B lymphocytes of C3H/HeJ mice, and did not induce cytokine or NO production by the macrophages of C3H/HeJ mice. Alternatively, the high concentration of nonactive protein associated with CAZ-released endotoxin may hinder the endotoxic action of the lipid A-associated protein in the preparation.
The regression lines of CAZ-and IPM-released endotoxin in an LAL test (ES test) paralleled those of purified P. aeruginosa LPS and E. coli LPS, suggesting that these antibioticreleased endotoxins possess endotoxic properties the same as (or at least very similar to) those of chemically purified LPS. The findings that polymyxin B can neutralize the activity (Table 2) support this notion. In other words, the activity of antibiotic-released endotoxin is due almost completely to the LPS contained in the endotoxin preparation.
It is well-established that the soluble and surface forms of the CD14 molecule and serum factors, such as LBP (38) and septin (46) , participate in macrophage activation by LPS (47) . When the LPS-LBP complex binds to mCD14 on the surfaces of macrophages, they become activated to produce large amounts of active molecules (such as TNF, IL-6, and NO [29] ). On the other hand, it has been suggested that other CD14-independent pathways exist (5, 6, 15, 16, 23) . Macrophage activation by CAZ-released endotoxin as well as LPS depends mainly on the serum factor(s) and CD14 molecule, since NO, TNF, and IL-6 production by macrophages of C3H/HeN mice is increased in the presence of serum (Fig. 4) , and CD14 Ϫ J7.DEF3 cells require relatively larger doses of endotoxin or LPS to produce TNF amounts equivalent to those produced by CD14 ϩ J774.1 cells (Fig. 7) . Binding of LPS to mCD14 on macrophages induces the phosphorylation of several proteins in the cells, and the phosphorylation is thought to be the initial step in intracellular signaling (1, 13, 21, 39, 44) . MAP kinases or extracellular signal-regulated kinase, members of the tyrosine kinase family, rapidly phosphorylate the tyrosine residues of some proteins. These phosphorylated proteins, in turn, activate the cells and regulate the intracellular signaling pathways (34) . LPS activates MAP kinases 1 and 2 in monocytes and macrophages (1, 8, 13, 21, 25, 34, 37, 43, 44) . CAZ-released P. aeruginosa endotoxin also activated MAP kinases 1 and 2 of the C3H/HeN mouse macrophages (Fig. 6) . However, neither the endotoxin nor the LPS could stimulate the kinases of C3H/HeJ mouse macrophages. Furthermore, glutaraldehyde-killed P. aeruginosa organisms could hardly stimulate MAP kinases of the macrophages of C3H/HeN or C3H/HeJ mice. The treatment of organisms with glutaraldehyde may destroy the activity of endotoxin or may hinder cell wall digestion and the release of endotoxin by macrophages.
The importance of the concept that antibiotic-released endotoxin contributes to the pathogenesis of experimental sepsis caused by gram-negative organisms has been documented (7, 28) . In the present study, all findings from the in vitro model with M9 medium support the idea that the endotoxic activity of antibiotic-released endotoxin is mainly due to LPS or lipid A but not protein. Nevertheless, the endotoxin preparations contain large amounts of protein that are released or produced by the organisms. However, when the production of TNF, IL-6, or NO in the serum-containing system is compared between cells exposed to phenol-water-extracted LPS and cells exposed to CAZ-released endotoxin, the levels of all three of these reactants are higher sooner in the cells exposed to the CAZ-released endotoxin (Fig. 4) . This suggests that the greater effect of the endotoxin may be due to the production of a more potent LPS or to the presence of a larger amount of protein in the endotoxin preparation. Moreover, in infected mice in the in vivo model (Table 3) , some other factor(s), in addition to the antibiotic-released endotoxin, seems to participate in the death of the animal. The observation was based on the fact that the survival rate of LPS-hyporesponsive C3H/HeJ mice infected with P. aeruginosa was not improved by CAZ treatment, although the infecting organisms were effectively killed by CAZ (data not shown). The factor(s) contributing to death may include the release of endotoxic protein from the organisms and components of the host's body (such as serum and phagocytic cells). Alternatively, this may be due to the large amounts of endotoxin released, and these large amounts of endotoxin could somehow cause an increased bacterial growth rate (17, 22, 35) . It would reduce the protective efficacy of an antibiotic due to the increased bacterial load with reduced assistance from the host. This would subsequently require the use of increased amounts of agents such as CAZ to kill the bacteria. Our current studies are designed to investigate these hypotheses.
